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ABSTRACT 
Salmonid species contain  numerous  short  interspersed repetitive elements ( S I N E s ) ,  known collec- 

tively  as the HpaI family, in their  genomes. Amplification and successive integration of individual SINEs 
into  the  genomes have occurred  during  the evolution of salmonids. We reported previously a strategy 
for  determining  the phylogenetic  relationships among  the Pacific salmonids in which these SINEs 
were used as temporal landmarks of evolution. Here, we provide evidence for extensive genomic 
rearrangements  that involved retropositions and  deletions  in a common  ancestor of all the Pacific 
salmon and  trout.  Our results provide  genetic support  for  the  recent phylogenetic  reassignment of 
steelhead  and  related species from  the  genus Salmo to the  genus Oncorhynchus. Several other informative 
loci identified by insertions of HpaI  SINEs have been isolated, and previously proposed  branching 
orders of the Oncorhynchus species have been  confirmed.  The authenticity of our phylogenetic tree is 
supported  both by the isolation of more  than two informative loci per  branching  point  and by the 
congruence of all our  data, which suggest that  the  period between succesive speciations was sufficiently 
long  for each SINE that  had  been amplified  in the original species to become fixed in all individuals 
of that species. 

A RETROPOSON is defined as a  nucleotide se- 
quence,  present initially  as a cellular RNA tran- 

script  that has been  reincorporated into  the genome. 
Retroposons constitute somewhat >20% of the  human 
genome  and  are similarly abundant in other mamma- 
lian genomes (ROGERS 1985; WEINER et al. 1986).  Thus, 
retroposition  contributes to the remarkable fluidity of 
eukaryotic genomes  (WEINER et al. 1986), in addition 
to the  more classical mechanisms that  operate exclu- 
sively at  the DNA level, such as mutation and recombi- 
nation (ROGERS  1985;  WEINER et ul. 1986; OKADA 
1991a,b, 1995). 

Short  interspersed repetitive  elements (SINEs) 
(SINGER 1982) form  a specific class  of retroposons.  A 
number of  SINE families have been  found  in multicellu- 
lar organisms from invertebrates to vertebrates (OKADA 
1991a,b; OKADA and OHSHIMA 1995 and REFERENCES 

THEREIN;  OHSHIMA et al. 1993) and also in  plants 
(MOCHIZUKI et al. 1992; YOSHIOKA et al. 1993). Particular 
SINEs can be unique to a  particular taxonomic rank, 
for  example,  a family, a  genus or a few species. By con- 
trast to DNA transposable elements, which can often 
be excised quite precisely, SINEs appear to be inserted 
irreversibly, and thus, they should serve  as ideal evolu- 
tionary and phylogenetic  markers (OKADA 1991b). 
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Apart from the Alu family and related families (SCHMID 
and MARAIA 1992), all  of the SINE  families examined 
to date have been shown to be derived from tRNA 
(DANIELS and DEININCER 1985; LAWRENCE et al. 1985; 
OKADA et al. 1985; SAKAMOTO and OKADA 1985; for re- 
view, see OKADA 1991b). In general, tRNA-derived 
SINEs consist of three regions, namely, a tRNA-related 
region with the  internal  promoters  for RNA polymerase 
111, a tRNA-unrelated region and an A- or AT-rich  se- 
quence  at the  3”terminus. Such SINEs are frequently 
flanked by direct repeats. In the  genomes of salmonids, 
we have characterized three families of  tRNA-derived 
SINEs that  are  distributed  in  different lineages as  fol- 
lows: the salmon SmaI family is restricted to the ge- 
nomes of chum salmon and pink  salmon,  the  charr FokI 
family is present only in species that  belong to the  genus 
Salvelinus, and  the salmonid HpaI  family is present in 
all species in  the family Salmonidae but not in other 
species (MATSUMOTO et al. 1986; &DO et al. 1991; MUR- 
ATA et al. 1993; & D o  et al. 1994).  In  addition to the 
Hpa-related AvaIII  family, the HpaI  family  consists  of 
three major subfamilies, each of  which was amplified 
at  a  certain stage during  the evolution of salmonids 
(KIDO et al. 1994).  The HpuI MS subfamily, one of the 
three major subfamilies, can be further divided into five 
types  (TAKASAKI et al. 1994). Members of the same type 
were amplified in  different lineages of salmonids, and 
members of a  different type were amplified in  the same 
lineage of salmonids during evolution. These results 
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suggest the presence of the multiple source genes for 
amplification of the HpaI SINE  family (MURATA et al. 
1993; K I D 0  et al. 1994; TAKASAKI et al. 1994). 

The subfamily Salmoninae consists of  five genera, 
namely, Brachymystax, Hucho, Salvelinus, Salmo and Oneor- 
hynchus. It is generally believed that these salmonids 
were  originally derived from freshwater forms. The over- 
all phylogenetic history of the Salmoninae supports a 
stepwise transition from freshwater forms, such as 
Brachymystax, to the forms that  depend  on brief  freshwa- 
ter stages, such as  species  of Oncorhynchus. In Salvelinus, 
the level  of anadromy is intermediate. By contrast, sal- 
monid species  in the subfamily Salmoninae are some- 
times categorized taxonomically into  three groups in a 
different way: archaic trout,  huchen  and  charrs, and 
salmon and  trout (STEARLEY and SMITH 1993). 

The term "salmon" was originally used for salmonid 
fish that go to sea, and  the term "trout" was used for 
salmonid fish that live  exclusively in fresh water. The 
usage of these terms has confused the phylogenetic rela- 
tionships of salmonids because, in  many  cases, both 
landlocked and sea-run (anadromous) forms are  found 
within the same species. Moreover, many species show 
remarkable variations in sexual dimorphism,  breeding 
shape, color and life  history. As a result, a landlocked 
form,  a  mature male of a sea-run form and  a female of 
a sea-run form have often been classified  as members 
of different species. In addition, different names have 
sometimes been given to  the same species  living  in two 
different habitats. For example, 0. mykiss in the  north- 
western  Pacific Ocean was called steelhead trout, while 
the same species in the  northeastern Pacific Ocean was 
called the Kamchatkan trout, and  both were recognized 
as members of the same species  only recently (0- 
1984). For complete identification of salmonid fish and 
their phylogenetic relationships, large amounts of data 
have been accumulated from various  types of taxo- 
nomic study, including morphologic and osteologic 
studies, for the past hundred years (for review,  see 
STEARLEY and SMITH 1993). Over the past 20 years, mo- 
lecular phylogenetic methods have become established, 
and allozyme  (UTTER et al. 1973; FERGUSON and FLEM- 
ING 1983) and DNA sequence (THOMAS et al. 1986; 
PHILLIPS et al. 1992) data have been used in taxonomic 
analyses. The results  of the  present study  suggest that 
the salmonid fish, including salmon and  trout, can be 
divided  in two genera: (1) the genus Oncorhynchus that 
includes the Pacific salmon and  trout  and (2) the genus 
Salmo that includes the salmon and  trout native to Eu- 
rope, western Asia and  the Atlantic  Basin  (STEARLEY 
and SMITH 1993).  In this  classification, the customary 
terms salmon and  trout do  not reflect the  true phyloge- 
netic relationships of salmonids. Currently, the genus 
Oncorhynchus includes eight well-known species, namely, 
six salmon and two trout, and the genus Salmo consists 
of two species, namely, one salmon and  one  trout (see 
Table 1). 

We proposed previously that SINE insertion analysis 

is one of the best methods for the determination of 
phylogenetic relationships among species (MURATA et 
al. 1993). Since insertion of a SINE  family member 
is an irreversible event, the presence of the  unit at a 
particular locus should serve  as an informative marker 
of evolution. In this  study, we provide evidence for ex- 
tensive genomic insertions that involved retroposition 
after divergence of the genus Oncorhynchus from the 
genus Salmo, and this evidence serves  as the rationale 
for our proposed taxonomic division. 

MATERIALS  AND METHODS 

Construction  and  screening of libraries and sequencing of 
DNA: Genomic DNA from  chum salmon (0. keta), pink 
salmon (0. gorbuscha) and kokanee (0. nerka) was digested 
with EcoRI. Phage  libraries  in AgtlO (Stratagene, La Jolla, C A )  
of these species were constructed with fragments of 2-4 kbp 
obtained by fractionation by centrifugation on a sucrose den- 
sity gradient (10-40% w/v). A probe for screening was pre- 
pared by transcription by T7 RNA polymerase of the plasmid 
that  contained only the  unit sequence from nucleotides 8- 
101 of the consensus  sequence of the HpaI family (Krno et 
al. 1991). Positive phage clones were isolated and subcloned 
into pUC vectors. Then they were sequenced with appropriate 
primers that were based on  the consensus  sequence of the 
HpaI family. 

PC% for the  detection of orthologous loci in  the genomes 
of salmonid fish: When  flanking  regions of a SINE unit ap- 
peared to be unique in  a genome, a set of primers for amplifi- 
cation of the locus was synthesized (Table 2). Fish species 
analyzed in this study and  their geographic  sources are listed 
in  Table 1. Each genomic DNA  was extracted  from  a few 
individuals. The reaction  mixture  for amplification by  PCR 
contained  Tth buffer  (Toyobo, Tokyo, Japan), 0.2 mM dNTPs, 
100 ng of each primer, 1 pg of genomic DNA, and 2 units of 
Tth DNA polymerase (Toyobo)  in  a final volume of 100 p1. 
The  thermal cycling involved 30 repeats of denaturation at 
93" for 1 min,  annealing  at 55" (Figures 2, 3 and  4) or 60" 
(Figure 5 )  for 1 min,  and extension at 72" for 1  min. Then 
15-100% of the reaction  mixture was analyzed by electropho- 
resis in  a gel that  contained 2.2% (w/v) NuSieve  GTG and 
0.8% (w/v) SeaKem  GTG agarose (FMC BioProducts, Rock- 
land, ME). 

Naming of the  loci  analyzed The locus at which a SINE 
unit was found to be integrated was identified by the  number 
of the  clone  and  the  name of the species analyzed. For exam- 
ple,  Hpa(0N)-5 indicates that this locus was isolated from 
the genomic library of kokanee (0. nerka) and  that  the  clone 
number was 5. The orthologous loci of chum salmon (0. 
keta) , pink  salmon (0. gorbuscha) , coho salmon ( 0. kisutch), 
cherry  salmon (0. masou) and steelhead trout (0. mykiss), 
which were detected by  PCR, were named  Hpa(0K)-5, 
Hpa(0G)-5,  Hpa(0Ki)-5,  Hpa(0M)-5,  and  Hpa(0My)-5, re- 
spectively. To distinguish different loci from one  another, 
different numbering systems were adopted for the  different 
libraries. 

Cloning of products  amplified  by  PCR DNA that  had  been 
amplified by  PCR  was fractionated by electrophoresis  in  a 
gel that  contained  3% NuSieve  GTG agarose. The bands of 
products were cut from the gels, and  the DNA fragments 
were purified with Ultrafree-C3HV (Nihon Millipore, Tokyo, 
Japan).  The DNA fragments were blunt-ended, phosphory- 
lated, and ligated to pUC or M13 vectors that  had been di- 
gested by SmaI. 

Preparation of  a probe and Southern  hybridization: Prod- 
ucts of  PCR were transferred  from gels to GeneScreen Plus 
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TABLE 1 

Fish species analyzed and their geographic  sources 

Genus Species Common  name Geographic  source 

Oncorhynchus  keta Chum salmon  Okhotsk Sea 
gorbuscha Pink salmon Japan Sea 
nerka adonis Kokanee Lake Shikotsu, Hokkaido 
tshaqtscha Chinook  salmon Willapa River, Washington 
kisutch Coho salmon Lake Eva Creek, Alaska 
masou Cherry  salmon Japan Sea 
mykiss Steelhead trout University of Washington 
clarki Cutthroat  trout University of Washington 
trutta Brown trout Nikko Branch, National Research Institute 

salar Atlantic salmon Atlantic Ocean 
malma Dolly Varden Montana  Creek, Alaska 
leucomaenis  leucomaenis White-spotted charr Shakotan River, Hokkaido 
leucomaenis pluvius Japanese common  charr Miya  River System, Honshu 
namaycush Lake trout Nikko Branch, National Research Institute 

of Aquaculture, Honshu 

of Aquaculture, Honshu 
Hucho P T i  Japanese huchen Sorachi River  System, Hokkaido 

membranes (NEN Research Products, Boston, MA) in 0.4 M 
NaOH and 0.6 M NaCI. Membranes were neutralized in 0.5 
M Tris-HC1 (pH 7.0) and 1 M NaCl and  then  dried. For detec- 
tion of a SINE unit of the HpuI family, the insert of the pOM- 
2 clone (KIDO et al. 1991), amplified by  PCR with primers 
that  corresponded to the termini of the consensus sequence 
of the HpaI family in  the presence of [a-"P]dCTP (NEN 
Research Products), was used as probe. For detection of or- 
thologous loci, the  cloned DNA that  contained only the flank- 
ing regions was amplified by  PCR with appropriate sets of 
primers  (Table  2) in the presence of [CY-'~P]~CTP.  In  the case 
of the  experiments for which results are shown in Figures 2A- 
b, 2B-c,  3B-b,  3B-c and 4, hybridization was performed at 42" 
overnight  in  a  solution of 50% (v/v) formamide, 1 M NaCI, 1 % 
SDS,  2X Denhardt's solution and 100 pg/ml  herring DNA. In 
other  experiments, hybridization was performed  at 37" over- 
night in  a  solution of 6X  SSC (SSC is 0.15 M NaCl and 0.015 
M trisodium  citrate pH 7.0), 1% SDS,  2X Denhardt's solution 
and 100 pg/ml  herring DNA. Washing was performed in  a 
solution of 2X  SSC and  1% SDS at 42-50' for 60 min. For 
rehybridization, the  probe was removed by incubation  in 0.4 
M NaOH at 42" for 30 min. 

RESULTS 

Extensive  retroposition  occurred in the  genome of 
an  ancestral species  common  to all the  Pacific  salmon 
and  trout: We isolated and characterized eight infor- 
mative  loci associated with retropositions and deletions 
that proved useful for  the  determination of the 
branching  order of the Oncorhynchus species. Among 
them, six  loci provided information  for  a distinct 
branching of  all the Pacific salmon and  trout  from  the 
Atlantic salmon and trout.  Four of these loci are de- 
scribed in this section. First, the Hpa-461 locus is dis- 
cussed as an example of a representative locus. This 
locus was isolated from  a  genomic library of pink 
salmon and  the sequence was determined  [Hpa(OG)- 
461 in Figure lA]. Two primers flanking the  unit  (Table 
2) were synthesized, and a PCR experiment was per- 
formed with DNA from 15 salmonid fish  as templates. 

As shown in  the  upper  panel  (a) of Figure 2A, the HpuI 
SINE  was integrated  into all the  genomes of the Pacific 
salmon and  trout (lanes 1-8), whereas the  unit a p  
peared  not to be integrated  in  the  genomes of other 
fish (lanes 9-15), although slight alterations of mobility 
were observed. To confirm the  presence of the SINE 
unit in the  genomes of the Oncorhynchus species, a hy- 
bridization experiment was performed with a  unit of 
the HpuI family [the middle panel (b) in Figure 2A]. 
To  examine  whether  the  orthologous loci  were  really 
amplified in the  genomes of all salmonids examined, 
the DNA fragment  containing  the flanking region was 
labeled and used as a  probe in the  experiment  for which 
results are shown in the lowest panel (c) in Figure 2A. 
These two hybridization experiments clearly demon- 
strated  the  presence of the  unit  at  the  orthologous loci 
of  all the Pacific salmon and  trout  and  the absence of 
the  unit  at those ioci of the  other fish. To confirm that 
the  unit  had not  been  integrated  at this locus in the 
genomes of fish that  belong to the  genus Sulmo, a DNA 
fragment of -275 bp, amplified from brown trout, was 
cloned and sequenced  [Hpa(ST)-461 in Figure IA]. 
Sequence analysis confirmed  the above results. 

Three  other loci, at which the Hpu unit was integrated 
in the  genomes of  all the Pacific salmon and  trout, were 
isolated and characterized. The Hpa-423 and Hpa-445 
loci  were isolated from  a genomic library of pink salmon 
(Figure 1, B and C, respectively) and  the Hpa-5 locus 
was isolated from a genomic library of kokanee .(Figure 
1D). As shown in Figure 2, B-D, three Hpu units must 
have been  integrated  in an ancestral species common 
to  all the Pacific salmon and trout. Slight alterations  in 
mobility and polymorphisms were observed in a few 
species. One explanation  for this result might be that 
the  template DNA  was isolated from a  mixture of sam- 
ples from several individuals, for  example,  in the  case 
of chinook salmon in lane  4 of Figure 2C. We confirmed 
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""" 

aacctc..............t.......tgg..c............t......t....... 
A A C C A A A C A T I T T C C G T A G T A T A T P A G A C C T G C A C A A C G G T C A G G A G G A A ~ C A W C l T ~  

FIGURE 1.-Sequences of orthologous loci  of  Hpa-461 (A), Hpa-423 (B), Hpa-445 (C), Hpa-5 (D), Hpa-405 (E) ,  Hpa-20 (F) ,  
Hpa-100 (G), and Hpa-391 (H). Primer sequences are  underlined.  The  unit sequence of the HpaI family  is  given in boldface, 
and direct repeats beside the unit  are boxed. Identical nucleotides are indicated as dots and deletions as dashes. The diagnostic 
nucleotide deletions in the genomes of restricted species are highlighted in E and F. The oligonucleotide synthesized for the 
experiment for which  results are shown  in Figure 3B-d  is indicated by a wavy line in F. The sequences reported in  this paper 
have been deposited in  the GenBank data base  (accession numbers D64098-D64105). 

our results by sequence analyses  of the orthologous loci 
(Figure 1, B-D). 

Diagnostic  deletions  at loci at  which a SINE unit  had 
been integrated: The Hpa-405 locus was isolated from 
a genomic library of pink salmon (Figure 1E). Two 
primers flanking the  unit (Table 2) were  synthesized 
and  a PCR experiment was performed. The Hpa unit 
was shown to have been  integrated in an ancestral spe- 
cies common to all the Pacific salmon and  trout (Figure 
3A), as  was the case for the  other  four loci described 
above. A comparison of the  sequence of the  ortholo- 
gous loci  between the steelhead [Hpa(OMy)-4051 and 
the brown trout [Hpa(ST)-4051 confirmed this conclu- 
sion. In  addition,  the PCR products in lanes 1-3 were 
smaller than those in other lanes, suggesting that sev- 
eral dozen nucleotides might have been  deleted from 
the genomes of three species, namely, chum salmon, 
pink salmon and kokanee. A comparison of sequences 

between the pink salmon Hpa(0G)-405  and the steel- 
head  Hpa(0My)-405 revealed that -60 nucleotides 
had been deleted at the Hpa(OG)405 locus in pink 
salmon (shadowed regions in Figure 1E). Thus, we con- 
cluded that  a  deletion  occurred in an ancestral species 
common to these three species, suggesting their mono- 
phyletic relationship. 

The Hpa-20  locus was isolated from a genomic library 
of chum salmon. The sequence of the Hpa unit was 
reported previously  (TAKASAKI et al. 1994). After deter- 
mination of the sequences of the flanking regions (Fig- 
ure  1F) , two primers that flanked the  unit were synthe- 
sized (Table 2) and  a PCR experiment was performed. 
The  unit of the HpaI family was integrated only  in the 
genome of chum salmon (Figure 3B). The amplified 
DNA in lanes 2-7 had  higher mobility than  that in 
lanes 9-15, and  no products of PCR were detected in 
lanes 5 and 8. From a comparison of the sequences 
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of Hpa(0K)SO of chum salmon, Hpa(0G)-20 of pink used  in Figure 3Bb and 3B-c  was freed of probes and 
salmon and Hpa(ST)-PO of brown trout, it appeared was then allowed to hybridize  with an oligonucleotide 
that 33 nucleotides in the  unique 3'-flanking region that  had  been designed to match exactly the  deleted 
had  been  deleted from the genomes of the Pacific sequence only (nucleotides  that  are  underlined with a 
salmon and trout. To confirm this possibility, the filter wavy line in Figure 1F) as a probe. Figure 3Bd shows 

TABLE 2 

Sequences of primers used for detection of eight loci analyzed 

Locus 5'flanking J'flanking 

Hpa461 5'-GTGCTGATGACATACCTCCT-3' 3'-CGGAAATCAGTCAACCTCCA-5' 
Hpa423  5'-AAAGGATAAACTGGGC3' 3'-ACCAGTTCGTATTAGTAAGG5' 
Hpa445 5'-GCATTGGAGAAATGTAGCAG3' 3'-TAATACCCGITCTATCACCc5' 
Hpa-5 5'-CATACTTGGTAAGATAATCTAGTAG3' 3'-AACCTGGTAAGAAGAGTTG~GA-5' 
Hpa-405 5'-TGCACAACACACTAGATCAC-3' 3'-AATGTCTGTTACCTlTCACTTAG5' 
Hpa-PO 5'-ATCTATTGCTGAGGTCGCCA-3' 3'-TAACGTACTATTGACCCG5' 
Hpa-1 00 5'-GCTGGCATGTCCATAAGATTG3' 3'-GACTTGTCCTGTAAACTAAG5' 
Hpa-391 5'-GTCGCTCCAACTACGGGTAA-3' 3'-GCTTTACGAACACACGGTCG5' 
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FIGURE S.-Fo11r units integrated at orthologous loci in all Pacific salmonids. Analyses  of orthologous loci  of  Hpa-461, Hpa- 
423, Hpa-445 and Hpa-5 are shown in the sets of A-D, respectively.  Each  set  of  panels  shows  results of agarose gel electrophoresis 
of the products of PCR with the primers shown in Table 2 (a), Southern hybridization  using the unit of the HpaI  family as 
probe (b), and rehvhridization  using the respective  flanking  regions as probe (c). The expected mobilities of amplified products 
that contain or  do not contain units of the HpaI family are indicated by filled or open arrowheads, respectively. “Marker” 
indicates a HinclI  digest of 4x174 DNA as size marker. The control lane shows the products of PCR without  template DNA. 

that  the  probe hybridized to the  fragments  that mi- monophyletic  origin of all the  presentday Pacific 
grated  more rapidly and to the  fragment  from  chum salmon and  trout  (see DISCUSSION). 
salmon  in which a unit of the HpnI family was inte- Chinook salmon and coho salmon are  sister  species: 
grated.  This  result  demonstrated  that a deletion  at this The Hpa-100 locus was isolated  from a genomic  libraly 
locus had  occurred  in  the  genome of an ancestral  spe- of coho  salmon  and its nucleotide  sequence was deter- 
cies of all the Pacific salmon and  trout,  confirming  the mined  [Hpa(OKi)-100  in Figure lC]. As shown in Fig- 
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4 

FIGURE 3.-Diagnostic deletions of two Hpa loci. Analyses of orthologous loci of Hpa-405 and Hpa-20 are shown  in the sets 
of A and B, respectively, that show results of agarose gel electrophoresis of the  products of  PCR  with the primers shown  in Table 
2 (a),  Southern hybridization using the  unit of HpaI family as probe (b), rehybridization using the respective flanking regions 
as probe  (c),  and rehybridization using a specific oligonucleotide as a probe for  detection of the deletion in Pacific salmonids 
(d). The  sequence of the oligonucleotide was 5'-CCTCTC(G/A)AGATC(G/T)CAGGACTT-S', and it was derived from the region 
underlined with a wavy line in Figure 1F. It was labeled by phosphorylation in the presence of [Y-~~PIATP. 
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FIGURE 4.-A unit  integrated at orthologous loci of chi- 
nook salmon and  coho salmon. (a) Agarose gel electrophore- 
sis of the products of PCR  of orthologous loci of Hpa-100 
with the primers shown in Table 2. (b) Southern hybridization 
using the  unit of the HpaI family as probe. (c) Rehybridization 
using Hpa(0G)-100 DNA as probe. 

ure 5, the  unit of the HpaI family at this locus was 
integrated only in the  genomes of chinook salmon and 
coho salmon. Since the  present study (using  the Hpa- 
405 locus), as  well as a previous study (MURATA et al. 
1993), suggests that  chum  salmon,  pink salmon and 
kokanee form a monophyletic group,  the  absence of 
an amplified DNA product in kokanee  (lane 3) might 
be due to the loss  of the orthologous locus without a 
Hpa unit.  Therefore, we concluded  that the SINE unit 
was integrated at this locus in  a  common  ancestor of 
chinook salmon and  coho salmon, an indication of 
their monophyletic relationship. A comparison of  se- 
quences between the  orthologous loci of Hpa(0G)-100 
of pink salmon and  Hpa(0Ki)-100 of coho salmon (Fig- 
ure  lG) confirmed the above conclusion. 

Five Pacific salmon form a monophyletic group: The 
Hpa-391 locus was isolated from a  genomic library of 
kokanee and its nucleotide  sequence was determined 
[Hpa(ON)-391 in Figure lH]. As shown in Figure 5, 
this unit of the HpuI  family was integrated at ortholo- 
gous loci in the genomes of the five Pacific salmon, 
namely, chum salmon, pink  salmon, kokanee, chinook 
salmon and  coho salmon,  indicating  the monophyletic 
grouping of these five salmon. At this locus, the DNA 
product amplified from steelhead  trout  had lower  mo- 
bility than  the other fragments  that  did not contain  the 
Hpa unit.  It seems likely that  a  certain stretch of  DNA 
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FIGURE 5.-A unit integrated at orthologous loci of the 
five Pacific salmon. (a) Agarose  gel electrophoresis of the 
product5 of PCR of orthologous loci of Hpa-391 with the 
primers shown in Table 2. (b) Southern  hybridization  using 
the unit of the H p d  family as probe. (c) Rehybridization using 
Hpa(OM)-391 DNA as probe. 

might have been  inserted species-specifically into  the 
genome of steelhead  trout. 

DISCUSSION 

Retropositions  are  irreversible  events  that  provide  ex- 
cellent DNA markers for  reconstruction of phylogenetic 
relationships: Classical phylogenies have been deduced 
by the cladistic  use of information from a variety  of 
sources, for example, morphology, osteology, develop 
mental biology and life  history.  In the application of 
such classical methodology, the choice of a certain char- 
acter  depends sometimes on  the  preference of a re- 
searcher  and is, therefore, often arbitrary. In addition, 
during evolution it might happen  that an identical char- 
acteristic emerged  independently in separate lineages 
of individual species, a phenomenon known as conver- 
gence. Such difficulties, attributable intrinsically to the 
classical method, have provoked lengthy debates on  the 
determination of true phylogenetic relationships. 

Thirty years ago, a new method,  currently known as 
molecular phylogeny, was developed,  being based on 
the assumption that  changes in DNA sequence  and, as 
a consequence, in protein  sequence  are  correlated with 
phylogenetic relationships. This  method is based on a 
theory that postulates the existence of a molecular 
clock, established by ZUCKERKANDI. and  PAULING (1965) 
and WILSON et nl. (1977). Data from DNA and protein 
are treated statistically and, thus, the conclusions de- 

duced from such treatments inevitably include statisti- 
cal errors. There have been many  cases in which, on a 
particular phylogenetic tree, statistical errors were so 
large that a true  branching  order  could  not be deduced. 
In addition, it was proposed recently that  the molecular 
clock might not  run  at a constant  rate in each lineage 
of a phylogenetic tree and/or in a particular region of a 
chromosome in one organism (LI and  TANIMURA 1987; 
KISHINO and HASEGAWA 1989; LAURSEN et al. 1992). A 
phylogenetic tree based only on such information can 
lead sometimes to false relationships although  the relia- 
bility of a tree can be  examined by certain tests for 
statistical significance. To increase the reliability  of a 
tree, a large amount of data is required, such as the 
sequences of entire mitochondrial  genomes and se- 
quences from various species that  belong  to both an 
ingroup  and  an  outgroup with respect to the target 
species (CAO et nl. 1994a; PHILIPPE  and DOUZERY 1994). 
Moreover, many  cycles of calculation of the  data and a 
choice of an  appropriate  method(s) to match each data 
set are required  to  ensure the validity  of the  branching 
order (CAO et al. 1994b). 

The SINE insertion analysis described here  depends 
on a totally different  principle, which is based on  the 
molecular biology of retroposons. Several laboratories 
have demonstrated  that  the  human Alu family can be 
divided into several subfamilies that  share  nucleotide 
changes at some diagnostic positions (SLAGEL et al. 
1987; WILLARD et al. 1987; BRIITEN et al. 1988; JURKA and 
SMITH 1988; QUENTIN 1988; JURKA and MILOSAVL~EVIC 
1991). Based on  accumulated diagnostic mutations, 
each subfamily appears to have been amplified at a 
particular time during  the evolution of primates begin- 
ning with the ancestral Alu element (derived from 7SL 
RNA) and  continuing to the recently amplified PV or 
HS  subfamily (DEININCER  and SLAGEL 1988; MATERA et 
nl.  1990; BATZER et nl. 1990; see review, SCHMID  and 
MARAIA 1992). On  the basis  of these findings, it was 
proposed  that analysis  of the differential insertion of 
Alu units among several  loci might be useful for resolv- 
ing  the  branching  orders among primates (RYAN and 
DUGAICZVK 1989). Four Alu sequences were identified 
as having been amplified at a particular stage during 
the evolution of primates (SHEN et dl. 1991), and two 
subfamilies were identified as having been amplified 
species-specifically in the lineage of Homo sapiens 
( MATERA et al. 1990; HUTCHINSON et al. 1993). However, 
SINE insertion analysis could not be used  systematically 
to resolve the  disputed order of branches in primate 
phylogeny, the reason of  which may be  that SINE inser- 
tion analysis is labor intensive and  that SINE  loci are 
frequently uninformative for classification due to loss 
of orthologous loci in the  genomes of related species 
(see below). 

Over the past several  years, our  group has shown 
that  the HpaI family was amplified in the genomes of 
salmonids and that subfamily structures were generated 
independently within specific lineages (KIDO et dl. 
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1994). Moreover, one subfamily, namely, the MS sub- 
family, was found to consist of several  types,  which had 
been amplified from multiple source  genes (TAKASAKI 
rt al. 1994; KIDO et al. 1996).  This  report,  together with 
our previous report ( MURATA et al. 1993), provides the 
first example of the use  of  SINE insertion analysis for 
the identification of a particular phylogenetic group of 
species. 

SINE insertion analysis,  as applied  herein, suggests 
the presence of a common  ancestor  for all present-day 
species that  contain a SINE unit  at  orthologous loci. 
Namely,  all the species that  contain  the  unit at  the 
orthologous locus form a monophyletic group because 
SINEs are believed to have been  inserted irreversibly 
into  the genomes. As a result, there is no  need for 
statistical analysis and definitive conclusions can almost 
always be drawn. Moreover, the results obtained in one 
laboratory can be easily confirmed in another labora- 
tory when the sequences of primers are provided. Al- 
though SINE insertion analysis requires  a large number 
of cloning and sequencing  experiments, the phyloge- 
netic relationships established by this method  should be 
the most reliable when compared to other phylogenies 
deduced by other methods. 

Phylogeny of the Pacific salmonids: The genus Onc- 
orhynchus consists of eight  major species, namely, chum 
salmon, pink salmon, sockeye salmon (kokanee), chi- 
nook  salmon,  coho  salmon, masu salmon, rainbow trout 
and  cutthroat  trout (six salmon and two trout), all of 
which  live  in the Pacific Ocean. However,  Pacific trout, 
whose representatives are  the rainbow and  cutthroat 
trout, have been classified historically as members of 
the genus Salmo, together with Atlantic salmon and 
trout. Most  of the Pacific trout have small anal fins and 
the potential  for  repeated spawning, as does S .  salar 
(Atlantic salmon), whereas the Pacific salmon have 
large anal fins and usually die  after spawning. These 
similarities have led to extensive debates about  the legit- 
imacy  of this classification (for review, see PHILLIPS  and 
PLEYTE 1991). The recently accumulated biochemical 
data,  together with osteological data,  support  the 
change in the classification  of the Pacific trout  to  the 
genus Oncorhynchw (STEARLXY and  SMITH 1991). At 
present, all  Pacific salmon and  trout  are classified  as 
members of the  genus Oncorhynchw and all Atlantic 
salmon and  trout  are classified  as members of the genus 
Salmo. 

The  present study provides strong evidence for the 
monophyletic grouping of the eight species of Oncohyn- 
chus. The additional  data  presented here confirm their 
phylogenetic relationships, as previously proposed 
(MURATA et al. 1993). In Figure 6 and Table 3, we sum- 
marized all the  data  that  support the  current phyloge- 
netic tree. 

We have  shown here  that  the  genetic distinction be- 
tween the two genera is much  more extensive than was 
initially supposed from classical taxonomy (Figure 2). 
To date, we have isolated slightly >lo0 Hpa SINEs from 

chum salmon 
pink salmon 
kokanee 
chinook salmon 
coho salmon 
cherry salmon 
steelhead trout 
cutthroat trout I Oncorhynchus 

rl- brown trout 
Atlantic salmon 

I- Dolly  Varden 1 
white-spotted cham 

Japanese common cham 
Salvetinus 

J 
Hucho 

4 H p  I family Fok I family 0 Sma I family 

FIGURE 6.-Phylogenetic tree of salmonid species, as de- 
duced from SINE insertion analyses and  genome dynamics. 
The  appearance of the H#nI family, FokI family and SmnI 
family  is indicated by the respective arrows (Uno et nl. 1991). 
The  numbers of nodes on  the  tree  indicate  the  branching 
point3 determined from the  data  in this and a previous report 
(MURATA et al. 1993), and loci and characteristics that  support 
the  nodes  are  summerized in Table 3. 

the  genomes of species in the subfamily Salmoninae 
and  determined  their sequences. We synthesized almost 
the same number of primer sets and performed PCR 
experiments. About 70% of the loci  analyzed  were  use- 
less for any  classification  as a consequence of the loss 
of the  orthologous loci from other species by deletion 
or recombination during evolution. Half  of the rest 
provided evidence of  species-specific amplification 
events (TAKASAKI et al. 1994),  and half provided infor- 
mative  loci for classification (MURATA et al. 1993;  this 
paper). More than half  of the loci that were informative 
for classification provided information  that allowed a 
clear distinction to be made between the  genus Oncor- 
hynchus and  the genus Salmo (node 1 in Figure 6 and 
Table 3). A total of six loci, namely, five  loci analyzed 
here  and  one locus reported previously (MURATA et al. 
1993), allows the clear division of the two genera on 
the basis  of  SINE insertions, and  one locus yielded the 
same conclusion from the diagnostic deletion of nucle- 
otides. The members of the Hpa MS subfamily can be 
further divided into five or seven  types that  include 
particular diagnostic nucleotides (see  Introduction, TA- 
KASAKl rt al. 1994; &Do et al. 1996). Of the six loci, the 
SINE units at  the Hpa-345,405,445 and 461  loci belong 
to type 111, that at Hpa-5 to type VI, and  that  at Hpa- 
423 to type IV or VI (Table 3). In the putative ancestral 
species common  to all the Pacific salmon and trout, 
frequent retropositional events must have occurred 
from source  genes of  several different types, leading to 
the  unique  nature of genomes of the species in the 
genus Oncorhynchus. 

The data  for  the Hpa-100 (Figure 4) and Hpa-51  loci 
(MURATA et al. 1993) provide evidence that chinook 
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TABLE 3 

Loci and characters  that  indicate the branching  points  in  Figure 6 

Type of MS 
Node  Locus  Character subfamily" Reference 

(1) Hpa-5 SINE insertion VI This  paper; KIDO et al. (1991) 
Hpa-20 Diagnostic  deletion (1) This  paper;  TAKASAKI et al. (1994) 
Hpa-345 SINE insertion I11 MURATA et al. (1993) 
Hpa-405 SINE insertion I11 This  paper 
Hpa423 SINE insertion IV or VI This  paper 
Hpa445 SINE insertion I11 This  paper 
Hpa461 SINE insertion I11 This  paper 

Hpa-391 SINE insertion IIb This  paper 

Hpa-100 SINE insertion VI This  paper 

Hpa405 Diagnostic deletion (111)  This paper 

(2) Hpa-341 SINE insertion I11 MURATA et al. (1993) 

(3) Hpa-51 SINE insertion I MURATA et al. (1993) 

(4) Hpa-19 SINE insertion IIb MURATA et al. (1993) 

Type  of  MS  subfamily  was referred by TAKASAKI et al. (1994) and KIDO et al. (1996). 

salmon and  coho salmon are sister species and form a 
monophyletic group  (node  3  in Figure 6 and Table 3). 
The sister relationship of these two species agrees with 
biochemical data  obtained by analyses of allozymes (UT- 
TER et al. 1973) and mitochondria (THOMAS et al. 1986). 
Morphological analysis failed to reveal the existence 
of an ancestral species common to these two species 
( STEARLEY and SMITH 1993). 

Chum,  pink, and kokanee salmon were  shown to 
form a monophyletic group  from  the results related to 
nucleotide  deletions  at the Hpa-405 locus (Figure 2B) 
and  the  insertion of a SINE unit  at  the Hpa-19 locus 
(MURATA et al. 1993, node  4  in Figure 6 and  Table.3). 
The monophyly of these three species reflects molecu- 
lar  data, as  well  as morphologic and behavioral data 
(STEARLEY and SMITH 1993 and references therein). 
However, the phylogenetic interrelationships of these 
three species are  not fully defined. Morphology (STEAR- 
LEY and SMITH 1993), allozyme  analyses (UTTER et al. 
1973), and  the sequences of ribosomal DNA (PHILLIPS 
et al. 1992) and of a  mitochondrial  control  region 
(SHEDLOCK et al. 1992) suggest the close relation be- 
tween pink and kokanee salmon. However, a sister rela- 
tionship of chum  and  pink salmon is supported by the 
results of restriction fragment  length polymorphism 
analysis  of mitochondrial DNA (THOMAS et al. 1986) 
and details of life history (HOAR 1958). Although SINE 
insertion analysis failed to resolve the  branching  order 
of the  three species, the distribution of members of the 
SmaI family  suggests that  chum  and  pink  might  be sister 
species (Figure 6). 

From the  data  for  the Hpa-391 and Hpa-341 loci, five 
species, namely, chum, pink, kokanee, chinook, and 
coho, were  shown to form a monophyletic group  (node 
2 in Figure 6 and Table 3). This relationship agrees well 
with  all  available taxonomic data, with the  exception of 
the results of mitochondrial DNA analysis  (THOMAS et 
al. 1986), which suggested the monophyletic relation- 

ship of chinook,  coho and steelhead. The lack of agree- 
ment between these two lines of evidence might be due 
to different rates of molecular evolution in each lineage 
of salmonid species (see DISCUSSION in MURATA et al. 
1993). The interrelationships of cherry salmon and 
both  steelhead  trout and  cutthroat  trout have not  been 
clarified by either taxonomic analysis or SINE insertion 
analysis. 

Amajor problem in the reconstruction of phylogenies 
and a solution: During  the evolution of a species, the 
DNA change(s)  for  a  particular characteristic relevant 
to classification must have appeared  in  the  genome of 
one individual in  a  population,  spread  through  the pop- 
ulation and become fixed within it, most likely by ran- 
dom  genetic drift (KIMURA 1983).  During  the time of 
gradual increasing frequency of the characteristic in 
the  population,  the  genomes of the  population must 
necessarily be polymorphic. When  certain  three species 
diverge successively from a  population with  polymor- 
phic  genomes and  the characteristic becomes randomly 
fixed, the phylogenetic relationship  deduced from the 
characteristic would not necessarily reflect the  true phy- 
logenetic relationships. This problem  in  reconstructing 
phylogeny is not specific to SINE insertion analysis, but 
the problem is associated with  all taxonomic methods, 
in  particular when three  or  more species diverged suc- 
cessively before  the informative characteristic become 
fixed in  a  population. 

In the case of the irreversible integration of a SINE 
unit, it is  also  possible that  the same phenomenon 
might have occurred  during evolution. Define the in- 
congruence probability as the probability of deducing  a 
wrong phylogeny. TACHIDA and  IIZUKA (1993) recently 
presented  a  formula  for  the  incongruence probability 
for  the case of three species branching. The probability 
is expressed as a  function of separation times of the 
three species and  the expansion period of the SINE 
family. Without any information on these parameters, 
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the  upper  bound of the  incongruence probability, 0.5, 
could be used to evaluate the reliability  of the  deduced 
phylogeny. However, the  upper  bound is encountered 
in the extreme case where the speciation events occur 
at  the same time and in this case the  determination 
of the  branching  order is not meaningful. If the time 
between the two speciation events is longer, the incon- 
gruence probability becomes smaller. For example, if 
the two speciation events are separated by N  genera- 
tions, where Nis  the effective population size, the maxi- 
mum incongruence probability is 0.3. If  we employ 0.3 
as the  incongruence probability of the single locus SINE 
analysis, the probability of deducing  a wrong phylogeny 
is 0.09 with  two independent such loci showing the 
same phylogeny. More generally, with n such indepen- 
dent loci, the probability is 0.3". Note  that these are 
maximum estimates of the  incongruence probability 
when the two speciation events are very close. If the 
time between the two speciation events is longer,  the 
incongruence probability becomes much less. 

In  the  present study, we characterized at least two 
informative loci per  branching  point  (Table 3) and all 
the  data  that we obtained were  shown to be compatible. 
These results greatly reduce  the probability of  phylo- 
genic incongruence  due to polymorphism in an ances- 
tral species. The probability of deducing wrong phylog- 
eny in our case  is at most 0.09 per  node unless the 
time separating  the speciation events were  very short. 
Therefore, we believe that  the phylogenetic tree of the 
Oncorhynchus species presented  here and obtained by 
SINE insertion analysis  is the most plausible tree of 
those proposed to date. 
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